We propose an unconventional scheme of photoluminescence in a semiconductor thin film, where the nonlocal correlation between an excitonic wave and a light wave prominently enhances the exciton-light coupling beyond the long-wavelength approximation (the so-called excitonic superradiance regime). On the basis of the developed method extending input-output theory, we elucidate atypical photoluminescence effects due to the strong wave-wave correlation. In particular, the upconverted photoluminescence based on the coherent superposition of excitons is found to be highly efficient, i.e., it can be realized by weak pumping without auxiliary systems such as cavities or photonic antennas. 71.36.+c, 42.50.Nn Photoluminescence (PL) is one of the fundamental phenomena arising from light-matter coupling, and has been extensively utilized for monitoring the structure of the electronic levels in materials [1] . PL spectroscopy provides the essential information of matter systems, such as the structure of the levels and oscillator strengths of electronic excited states after reaching quasiequilibrium. On the other hand, PL is also important for observing the interplay scheme between light and electronic systems. A representative example is PL reflecting the dispersion relation of polaritons and not the thermal equilibrium for bare excitons [2] [3] [4] . In order to access polaritons by photon emission, photons have to be emitted before the exciton-photon coupling is "dephased", or the excitations relax to quasi-equilibrium. Then, it is necessary to consider polariton accumulation at the bottleneck of the decay [2], or confine the electronic system in high-density photons [5] [6] [7] [8] .
PACS numbers: 78.67.-n, 71.36.+c, 42.50.Nn
Photoluminescence (PL) is one of the fundamental phenomena arising from light-matter coupling, and has been extensively utilized for monitoring the structure of the electronic levels in materials [1] . PL spectroscopy provides the essential information of matter systems, such as the structure of the levels and oscillator strengths of electronic excited states after reaching quasiequilibrium. On the other hand, PL is also important for observing the interplay scheme between light and electronic systems. A representative example is PL reflecting the dispersion relation of polaritons and not the thermal equilibrium for bare excitons [2] [3] [4] . In order to access polaritons by photon emission, photons have to be emitted before the exciton-photon coupling is "dephased", or the excitations relax to quasi-equilibrium. Then, it is necessary to consider polariton accumulation at the bottleneck of the decay [2] , or confine the electronic system in high-density photons [5] [6] [7] [8] .
Recently, another scheme that allows PL to access exciton-light coupled modes has been demonstrated in simple semiconductor thin films [9] . When the film thickness is in the nano-to-bulk crossover regime (a few hundred nanometers), the exciton-light coupling is extremely enhanced by the nonlocal correlation between a light wave and an excitonic center-of-mass (c.m.) wave [10] [11] [12] [13] . Note that the resultant exciton-light coupled state should be distinguished from polaritons because it exhibits an ultrafast radiative decay exceeding the polariton formation, and is in the so-called excitonic superradiance regime [14] [15] [16] . Such a strong coupling beyond the long-wavelength approximation (LWA) leads to unprecedented PL properties. Actually, photon emission simultaneously occurs from more than one exciton-light coupled mode including optically-forbidden ones [9] .
Here, we focus on a unique feature of the beyond the LWA regime; there exists strong coupling between the different c.m. states of excitons via radiation that causes quantum superposition of these states. The purpose of this paper is to theoretically demonstrate that the control of the superposition provides unconventional and functional aspects of PL properties. In particular, remarkable up-converted PL is revealed, where the up-conversion efficiency is greatly strengthened for appropriate system parameters. Up-converted PL has been an appealing subject not only for its fundamental interest but also for its potential applications such as frequency conversion [17] [18] [19] [20] [21] [22] [23] . There are some typical schemes, e.g., those based on phonon-assisted processes [17] [18] [19] [20] , and on multiphoton processes [21] [22] [23] . Recently, Fernée et al. reported that the up-conversion range is greatly widened by an unusually-large dephasing rate in a colloidal solution of quantum dots [24] . The up-conversion in the present work is essentially distinguished from the previous ones in that it is the PL from the exciton-light coupled state with a higher exciton-light coupled mode. The appearance of such a higher state can be explained as follows; a portion of the excited eigenmode is reconstructed to superposed eigenmodes with dephasing into different c.m. exciton states. In addition, the main process can be clearly realized by weak pumping without auxiliary systems such as cavities or photonic antennas.
In the following demonstrations, we treat an explicit geometric model of thin films for numerical calculations in order to discuss the observed results in Ref. 9 . The thin film confines the c.m. motion of an exciton perpendicular to the surface and acts as a homogeneous, nondispersive, and nonabsorptive background medium with a dielectric constant ε bg for the excitons. For developing the theoretical method to calculate the luminescence spectra for the nano-to-bulk crossover size regime, it is necessary to take account of the nonlocal optical response of the excitons; thus, we explicitly consider the microscopic spatial structures of the excitonic wave and light wave. The Bohr radius of an exciton is assumed to be much smaller than the film thickness L; therefore, its relative wavefunction is approximated to be the same as that in a bulk system. Thus, neglecting the distortions near the surfaces, we assume the c.m. states of exciton to be simple sinusoidal waves: ψ µ (z) = 2/L sin(k µ z), where k µ = µπ/L is the quantized wavevector with µ = 1, 2, · · · . The transverse energies and the eigenen-ergies of the exciton are given as ω T = 3.2022 eV and Ω
2 /(2m ex ), respectively. Here, m ex is the translational mass of the exciton.
The Hamiltonian of the exciton-light coupled system is written asĤ =Ĥ ex +Ĥ rad +Ĥ int . The Hamiltonian of the excitons is described asĤ ex = µ Ω ex µb † µb µ , andb µ (b † µ ) stand for the bosonic annihilation (creation) operator of the µth exciton state. The Hamiltonian of the radiation field is represented asĤ rad = η Ω ηâ † ηâ η , whereâ η (â † η ) means the annihilation (creation) operator of the ηth photon mode with an energy Ω η . The interaction between the exciton and the radiation field is expressed asĤ int = − dzP ex (z)Ê(z). Here, the excitonic polarization operatorP ex (z) is represented aŝ P ex (z) = µ P µ (z)b µ + H.c. by using P µ (z) = P ψ µ (z) with the dipole moment P. The moment P can be estimated by the longitudinal-transverse (LT) splitting energy ω LT = P 2 /(ε 0 ε bg ). The operatorÊ(z) = η α η iE η (z)â η + H.c. denotes the electric field, where
, ε 0 is the vacuum permittivity and E η (z) is the eigenfunction satisfying Maxwell equation without excitonic polarization sources.
As for the excitonic non-radiative processes, we treat them under the Born-Markov approximation. Then, the density matrix of the entire system obeys the following master equation:
where the non-radiative decay of the exciton states, e.g., due to phonons, is described byL dampρ (t) =
, and the dephasing is described byL phaseρ (t) =
. We have introduced the lowering operator for excitonsσ µ,µ+1 =b † µb µ+1 . In the present demonstration, it is assumed that non-radiative transitions only occur between the nearest levels. All non-radiative decay rates are the same γ ex = 0.01 meV, and the dephasing rates of each exciton state are Γ ex = 0.2 meV considering the cryogenic conditions. These assumptions do not affect the essence of the following discussion because the non-radiative decay rates are much smaller than the radiative decay rates under the present conditions, although the quantitative details of the results depend on the values of the non-radiative ones (the influence of γ ex is examined in Ref. 26) . From Eq. (1), we obtain the simultaneous Heisenberg equations to determine the polarization b µ , the excitonic population b † µbµ , and the correlation b † µbµ ′ [25] . The detailed solutions of these equations are given in Ref. 26 .
First, we analyze the excitonic population b † µb µ . Hereafter, unless otherwise noted, the system is assumed to be a CuCl film with a thickness L = 325 nm modeling the experiment in Ref. 9 , where the dielectric constant is ε bg = 5.59. As for the incident light, we em- ploy a continuous wave laser whose intensity is I in = cε 0 E 2 in /2 = 100 W/cm 2 , where c is the speed of light, and E in is the amplitude of the incident light. In Fig. 1(a) , we plot the eigenenergies of the exciton-light coupled modes, as denoted by the cross marks, whereas the dotted lines indicate the dispersion relation of the upperand lower-branch polaritons. It should be noted that the dispersion relation of the exciton-light coupled modes (m = 1, 2, . . . ) deviates from that of the polaritons in the bulk system owing to the finite radiative width [11] . The radiative width becomes enlarged near the LT splittings, and it reaches 96 meV for the coupled mode m = 5. Figures 1(b,c) show the populations of the different excitonic states b † µbµ plotted versus the incident light energy. One can see that each population has peaks reflecting the eigenenergies of the exciton-light coupled modes (vertical dotted lines) due to the radiation-mediated coupling between the different c.m. states of the exciton. This coupling is described with the terms appearing in the Heisenberg equations (see, [26] ):
where G(z, z ′ ) is the Green's function for Maxwell equa-tion in the vacuum/film/vacuum structure [27] . This term represents the coupling between the exciton states mediated by the radiation fields. Because of this interaction, each population b † µbµ exhibits structures due to the resonances at the exciton-light coupled modes or the interference between them. Notice that the peaks slightly deviate from the eigenenergies especially above the LT splitting, because the adjacent modes overlap owing to the radiative width. By focusing on the c.m. states µ = 4, 5, we can clearly see that their spectra remain visible on both the sides of the LT splitting. This means that the wave-wave coupling between the excitons and the radiation field causes the coherent superposition of different exciton c.m. states over the LT splitting.
Subsequently, we introduce a calculation method to investigate the PL properties. Here we extend the conventional input-output theory to include the nonlocal correlation inside the film. By using the Green's function G(z 0 , z ′ ) for the radiation field, the electric field can be written as [28] 
where z 0 is an arbitrary position. Here the incident field E 0 (z 0 , t) corresponds to the one in the absence of the resonant contributions of the excitons. Then, the input pump field is the plane wave with the amplitude E in , which is connected to satisfy the Maxwell boundary condition in the vacuum/film/vacuum structure. By using the output radiation field in Eq. (3), we calculate the first-order correlation function Ê † (z 0 , t)Ê(z 0 , t + τ ) according to the quantum regression theorem [29, 30] , and decompose it into a coherent component and an incoherent one. The coherent component corresponds to elastic scattering, whereas the incoherent component provides inelastic scattering, namely "the luminescence". Then, the incoherent component is written as
, where the last term on the right-hand side corresponds to the coherent component. Under steady-state conditions, the PL spectrum on the transmission side is obtained by calculating the Fourier transform of the incoherent correlation function:
where the fieldÊ T (z 0 , t) shows the electric field on the transmission side. Hereafter we normalize the PL intensity by ω LT /E 2 in . In Fig. 2(a) , we plot the PL intensities versus the output energy for different incident light energies which are set to be resonant with the exciton-light coupled modes below the LT splitting, i.e., m = {6, 7, 8} in Fig. 1(a) appears, i.e., the light energies are up-converted. Here, we remark that the energy conservation law should hold true for the whole system in steady state, even though the luminescence includes up-converted components. Indeed, the present model and calculation scheme guarantee this law, which is verified in Ref. 26 . The essential factor of the observable PL up-conversion is the exciton-light coupling, extremely enhanced by the nonlocal correlation beyond the LWA. The mechanism of PL up-conversion is interpreted to be a result of quantum superposition between a resonantly-excited exciton-light coupled mode and the one above the LT splitting. To be precise, a small portion of the excited coupled mode is reconstructed into multiple superpositions of the coupled modes by the enhanced exciton-light coupling under slow dephasing to the exciton c.m. states (µ = 1, 2, . . . ). Actually, the PL appears to reflect the eigenenergies of the coupled modes (vertical dotted lines), unlike conventional PL [1] . This means that the PL signal can plausibly identify the exciton-light interactions.
Further, photon emission is affected by the parityselection rule of the exciton c.m. state. For example, if the coupled mode m=7 is resonantly excited, a signal predominantly appears from the odd-numbered states. Conversely, if the coupled mode m = {6, 8} is excited, the even-numbered states provide the primary contribution to PL. This is consistent with our criterion that the proposed up-converted PL originates from neither phonon assisted, multiphoton processes nor huge dephasing but from the radiation-mediated superposition of the exciton-light coupled modes. In addition, there must exist a finite probability amplitude, even inside the LT splitting, due to the overlap between the adjacent coupled modes to superpose the states on both sides of the LT splitting. Indeed, the coherent superposition also affects the PL properties inside the LT splitting. In Fig 2(b) , the PL spectrum for ω in = 3.203 eV (green dashed line) that lies inside the LT splitting. One can apparently see that PL signals are found inside the LT splitting, which never occurs in a bulk sample.
In order to compare the calculation with the existing experiment using a 389-nm coherent light source (Ti:sapphire) [9] , we investigate the case where the incident light energy is set to be ω in = 3.186 eV [see the red solid line in Fig. 2(b) ]. Although the incident energy is far detuned from the coupled modes, we confirm that the signal is small but appears at the eigenenergies above the LT splitting. It should be remarked that we can actually find a similar signal, namely, up-converted PL, in the experiment described in Ref. 9 [32] . Although the verification of the origin of this signal by theory considering the detailed experimental conditions will be a subject of future study, this fact convinces us of the reality of the present proposal. As for the up-conversion efficiency, we evaluate the photon-number efficiency as
Here, we count the photons emitted from the coupled state m = 4 above the LT splitting, i.e., between ω b = 3.220 eV and ω a = 3.212 eV. Although the incident intensity is as small as 100 W/cm 2 and off-resonant, the evaluated photon-number efficiency is η 3.220 eV 3.212 eV = 0.077 %, which is sufficiently large to be detected in an experiment.
Because the strong nonlocal correlation in the film requires synchronization between the excitonic wave and the light wave, the up-conversion efficiency should depend on the film thickness L. In Fig. 3(a) , we show the PL intensity plotted versus the thickness and output energy when 389-nm coherent laser light ( ω in = 3.186 eV) is injected. As is expected, the intensity is found to exhibit a strong thickness dependence. One may consider that the larger radiative width is favorable for efficient up-converted PL. However, when comparing Figs. 3(a,b) , the peaks in the PL intensity do not directly coincide with those of the radiative width. We therefore investigate the excitation populations of the c.m. states of the exciton for the two thicknesses (see Fig. 3(c) ). One is the thickness used in Figs. 1 and 2 (L = 325 nm), whereas the other is the thickness that provides a strong PL intensity (L = 280 nm). By calculation, the photon-number efficiency for the thickness L = 280 nm is η 3.217 eV 3.209 eV = 0.207 %, which is more than twice as large as the one for L = 325 nm. By considering the reason for the enhancement, we now focus on the region around ω in = 3.19 eV, where the eigenenergy of the coupled mode m = 5 lies. One can see that the population of the exciton c.m. state µ = 5 has a broad peak for the thickness L = 280 nm (red solid line), whereas the very large radiative width saturates the peak for L = 325 nm (pink dashed line). This states. In summary, we have examined photoluminescence (PL) in a simple semiconductor thin film and proposed an unconventional type of up-converted PL in the excitonic superradiance regime. In order to treat the nonlocal correlation beyond the long-wavelength approximation (LWA), we extend conventional input-output theory [29, 30] . In our numerical calculations of the PL spectra, we have found that a portion of the incident energy is up-converted, and the efficiency is enhanced by choosing the sample size and pumping frequency. The favorable conditions for enhancement clearly reflect the parity combination of the c.m. wavefunctions. The upconverted PL originates from the coherent superposition of different exciton-light coupled modes in the resonantly populated excitons. The strong exciton-light coupling via the nonlocal correlation beyond the LWA greatly enhances the superposed component energetically far from the excitation energy. This is why the main process can be clearly realized by weak pumping without auxiliary systems such as cavities or photonic antennas.
It should be noted that the thin film geometry used for the present demonstrations that exhibits a suggestive signal in the experiment [9] is a very familiar system, and further, the proposed mechanism has generality. However, the excitonic superradiance can be enhanced in planar microcavities [33, 34] . Thus, it might be possible to design more efficient systems if one examines such systems over a widely expanded volume [35, 36] . By controlling the coherent light-matter coupling in designed structures, the proposed up-converted PL will lead to future studies of functional PL for novel light sources as well as sensitive probes of light-matter coupling.
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Appendix A: DETAILED SOLUTIONS OF HEISENBERG EQUATIONS
In this section, we present detailed solutions of the Heisenberg equations to obtain the expectation values of the polarization b µ , the population b † µb µ and the correlation b † µb µ ′ under steady-state conditions. In the main text, we consider the Hamiltonian asĤ
The HamiltonianĤ ex describes the excitonic system aŝ
whereb µ (b † µ ) stand for the bosonic annihilation (creation) operator of an exciton state µ and Ω ex µ is its eigenfrequency. The HamiltonianĤ rad represents the radiation field aŝ
whereâ η (â † η ) stand for the annihilation (creation) operator of the ηth photon state with an energy Ω η . The coupling HamiltonianĤ int signifies the interaction between the exciton and the radiation field aŝ
The excitonic polarization operatorP ex (z) is represented aŝ
by using the coefficient P µ (z) = P ψ µ (z) with the dipole moment P. The electric field operatorÊ(z) is denoted aŝ
where α η = Ω η /(2ε 0 ) and E η (z) is the eigenfunction satisfying the Maxwell equation without excitonic polarization sources. By solving the Heisenberg equation of motion for the exciton and the radiation field, we can derive the electric field by using Green's function for the radiation field [28] given bŷ
We consider the density matrix of the whole system obeying the master equation in the main text given by
where the non-radiative decay of the exciton states is described aŝ
and the dephasing is given byL
We introduce the lowering operator of the excitonsσ µ,µ+1 =b † µb µ+1 . We assume that the non-radiative transitions only occur between nearest levels. All non-radiative decay rates are the same γ ex , and all dephasing rates are the same Γ ex . From the master equation in Eq. (A8), we can obtain the following equations:
where
This term represents the radiation-mediated coupling between excitons, which plays a central role in our work. This radiative coupling between excitons causes the coherent superposition of different exciton states mediated by the strong exciton-photon coupling via nonlocal correlation. By considering the self-consistent coupling between these equations and the electric field [25] , the expectation values can be obtained. By substituting Eq. (A7), we can rewrite Eq. (A11) under the rotating wave approximation as
This simultaneous equation set in Eq. (A15) is solved by the inverse matrix
The incident light is assumed to be a monochromatic continuous wave laser as
Then, we rewrite Eq. (A17) as
By performing Fourier transform, we can obtain an analytical expression of b µ (t) under steady-state conditions as
By using this result, the simultaneous equations Eq. (A12) and Eq. (A13) can be analytically solved, and the population b † µ (t)b µ (t) and the correlation b † µ (t)b µ ′ (t) are obtained under steady-state conditions.
Appendix B: ENERGY CONSERVATION LAW
In this section, we verify the energy conservation law, i.e., show that the incident light energy matches the total energy in the system. The total energy consists of the elastically and inelastically scattered photon energies, nonradiative decay energy, and dephasing energy. To calculate each type of energy, we follow the technique based on the input-output theory [31] . First, we define the spectrum of the incident monotonic continuous wave laser
The spectrum of coherent components of the output radiation field on the transmission side is expressed as
and that of one of the incoherent components, which corresponds to the photoluminescence (PL) spectrum (Eq.(4) in the main text), is expressed as
Subsequently, we calculate the spectra of non-radiative decay and dephasing. In this work, we have employed the Markov approximation for the operatorsσ µ,µ+1 =b † µbµ+1 andB µ =b † µbµ . Then, on the basis of the input-output theory, we can represent the output field asD
In addition, within the Markov approximation, the number flux of the photons can be written as
where the power of the light Q(z, t) in quantum optics is [28] Q(z, t) = 2ε 0 c Ê † (z, t)Ê(z, t) .
Therefore, under steady-state conditions, the spectra of the non-radiative decay and dephasing are, respectively, written as
In order to verify the energy conservation law, we have to establish the correctness of the following equation:
In Table I , we show each component in percentage with respect to ω in E 2 in , i.e.,
in )× 100. We see that the dephasing part P phase sometimes becomes negative. Such a negative P phase appears when the incident light energy is lower than the transverse exciton energy and the system can continuously absorb energy from the environment. This is discussed in detail in Ref. 31 . One can see that there is tiny mismatch between P total and 100%. In order to check the validity of our numerical calculations, we examine the following quantity
The quantity η is the PL up-conversion efficiency from ω in to the peak energy ω out , where the output PL spectrum spreads between ω a and ω b . The quantity δ roughly estimates the effect of the up-conversion on the total energy. For example, in case of the film thickness L = 325 nm and input energy ω in = 3.186 eV, the up-conversion efficiency evaluated in the main text is η 3.220 eV 3.212 eV = 0.077 %, i.e., δ = 0.0725 %. This is much larger than the maximum mismatch (∼ 0.0004 %). Therefore, we can confirm that the mismatch is caused by numerical error and the energy conservation law holds true even though a portion of the incident light is up-converted.
Appendix C: EFFECT OF THE NON-RADIATIVE DECAY BETWEEN EXCITON STATES
In this section, we examine the effect of the non-radiative decay between exciton states on PL spectra. We perform calculations where non-radiative decay rate is zero and is comparable to dephasing rate Γ ex = 0.2 meV. For instance, Fig. 4 shows the PL spectra in case of the input energy ω in = 3.1981 eV and film thickness L = 325 nm. The red solid line represents the spectrum for γ ex = 0 meV, the green dashed line represents the spectrum for γ ex = 0.01 meV (Fig. 2(a) in the main text) , and the blue dotted line represents the spectrum for γ ex = 0.1 meV. In case of a larger non-radiative decay, the spectral shape of the green dashed line in Fig. 4 is slightly different compared with those of the other lines. However, the luminescent peaks appear at almost the same energies, even beyond the LT splitting. Therefore, we confirm that the mechanism of PL up-conversion does not change with non-radiative decay between exciton states. Fig. 2(a) . The blue dotted line represents the spectrum in case of a larger non-radiative decay rate γex = 0.1 meV. The numerical results indicate that finite non-radiative decay does not change the essential profile of the proposed up-converted PL effect.
